Shifts in myosin heavy chain (MHC) isoforms in cardiac myocytes have been shown to alter cardiac muscle function not only in healthy developing hearts but also in diseased hearts. In guinea pig hearts, there is a large age-dependent shift in MHC isoforms from 80% α-MHC/20% β-MHC at 3 wk to 14% α-MHC/86% β-MHC at 11 wk. Because kinetic differences in α-and β-MHC cross-bridges (XBs) are known to impart different cooperative effects on thin filaments, we hypothesize here that differences in α-and β-MHC expression in guinea pig cardiac muscle impact sarcomere length (SL)-dependent contractile function. We therefore measure steady state and dynamic contractile parameters in detergent-skinned cardiac muscle preparations isolated from the left ventricles of young (3 wk old) or adult (11 wk old) guinea pigs at two different SLs: short (1.9 µm) and long (2.3 µm). Our data show that SL-dependent effects on contractile parameters are augmented in adult guinea pig cardiac muscle preparations. Notably, the SL-mediated increase in myofilament Ca 2+ sensitivity (ΔpCa 50 ) is twofold greater in adult guinea pig muscle preparations (ΔpCa 50 being 0.11 units in adult preparations but only 0.05 units in young preparations). Furthermore, adult guinea pig cardiac muscle preparations display greater SL-dependent changes than young muscle preparations in (1) the magnitude of length-mediated increase in the recruitment of new force-bearing XBs, (2) XB detachment rate, (3) XB strain-mediated effects on other force-bearing XBs, and (4) the rate constant of force redevelopment. Our findings suggest that increased β-MHC expression enhances length-dependent activation in the adult guinea pig cardiac myocardium.
Introduction
Shifts in myosin heavy chain (MHC) isoforms in cardiac myocytes have been shown to alter cardiac muscle function not only in healthy developing hearts (Everett et al., 1983; Cappelli et al., 1989; Reiser et al., 2001 ) but also in diseased hearts (Lowes et al., 1997; Nakao et al., 1997; Miyata et al., 2000) . Of particular importance to our study is the large shift in MHC isoform in developing healthy guinea pig hearts because it offers insight into the relationship between functional adaptation at the molecular and whole organ levels. A consequence of the age-related increase in the size of the animal is that the load on the heart increases; thus, the heart must be able to increase its stroke volume in response to bigger changes in end-diastolic volume to maintain physiological cardiac output. This fundamental property of the heart is known as the Frank-Starling mechanism (Plotnick et al., 1986; Moss and Fitzsimons, 2002) and plays a significant role in development and disease. The molecular mechanism underpinning the Frank-Starling mechanism is length-dependent activation (Nowak et al., 2007; Abraham et al., 2016) , whereby an increase in cardiac muscle sarcomere length (SL) enhances myofilament Ca 2+ sensitivity and force production (Allen and Kentish, 1985; Wang and Fuchs, 1994; Konhilas et al., 2002) . A large shift from α-to β-MHC in the developing heart has relevance to length-dependent activation because β-MHC may contain features that enhance length-dependent activation (Korte and McDonald, 2007; Ford and Chandra, 2013) .
Although α-and β-MHC isoforms share a high degree of sequence homology (Kurabayashi et al., 1988; McNally et al., 1989) , they exhibit strikingly different enzymatic properties, which is reflected in two-to threefold differences in the rate of ATPase activity between α-and β-MHC isoforms (van der Velden et al., 1998; Krenz et al., 2003; Rundell et al., 2005; Tschirgi et al., 2006; Ford and Chandra, 2013) . Compatible with this large difference in enzymatic activity is the notion that developmentally related shifts in α-and β-MHC isoforms are correlated with functional adaptations of the heart as it increases in size with age. There is ample evidence to suggest that α-and β-MHC isoforms impart different effects on thin filaments in accordance with their intrinsic kinetic properties (Ford et al., 2012; Chandra et al., 2015; Gollapudi et al., 2015; Gollapudi and Chandra, 2016) . The longer dwell time of β-MHC cross-bridges (XBs), which is ascribed to their slower XB cycling kinetics, may enhance XB-based cooperative feedback effect on thin filaments (Ford and Chandra, 2013; Michael et al., 2014; Chandra et al., 2015; Reda et al., 2016) . Because XB-mediated activation is known to play a role in cardiac length-dependent activation (Allen and Kentish, 1985; Fitzsimons and Moss, 1998; Moss and Fitzsimons, 2002; Smith et al., 2009) , it is reasonable to posit that β-MHC may respond differently to SL changes when compared with α-MHC. Other supporting evidence comes from structural studies that suggest important differences in the organization of α-and β-MHC isoforms in the myofilament. For example, x-ray diffraction studies show that myosin head orientation is sensitive to SL (Farman et al., 2011) . Electron microscopy and optical diffraction studies demonstrate differences in radial/azimuthal flexibility of XBs in myofilaments containing α-and β-MHC isoform (Weisberg and Winegrad, 1998) . Furthermore, interventions that modify XB activity are known to modulate SL-dependent function in cardiac muscle (Fitzsimons and Moss, 1998; Gollapudi et al., 2017) . Collectively, these observations suggest that α-and β-MHC may differently sense the effect of changes in SL. Thus, a large shift from α-to β-MHC may alter length-dependent activation in guinea pig cardiac muscle.
To test our hypothesis that age-related increase in β-MHC expression enhances length-dependent activation, we measured steady state and dynamic contractile function in detergent-skinned cardiac muscle preparations from young (3 wk old) and adult (11 wk old) guinea pigs at two different SLs: short SL (1.9 µm) and long SL (2.3 µm). Assessment of MHC isoform composition demonstrated that the total percentage of β-MHC was 20% in young (3 wk old) guinea pig hearts and 86% in adult (11 wk old) guinea pig hearts. Our data demonstrate that the SL-mediated increase in myofilament Ca 2+ sensitivity was twofold greater in adult cardiac muscle preparations. Furthermore, the magnitude of length-mediated increase in the recruitment of new force-bearing XBs, the SL-dependent attenuation of XB detachment rate, and the SL-dependent attenuation of XB strain-mediated effect on other force-bearing XBs were greater in adult cardiac muscle preparations. We discuss the relevance of our findings to the correlation between increased expression of β-MHC and length-dependent activation in the young vs. adult guinea pig hearts.
Materials and methods

Animal protocols
Young (3 wk old; 21-22 d) and adult (11 wk old; 79-80 d) DunkinHartley female guinea pigs (Cavia porcellus) were used in this study (acquired from Charles River). All animals were housed in environmentally controlled rooms of an Association for Assessment and Accreditation of Laboratory Animal Care-accredited facility under 12-h light and dark cycles. All animals received proper care and treatment in accordance with the guidelines set by the Washington State University Institutional Animal Care and Use Committee. The procedures for euthanizing guinea pigs conform to the recommendations of the American Veterinary Medical Association, as outlined in the Guidelines for the Euthanasia of Animals.
Measurement of steady state tension and ATPase activity in detergent-skinned cardiac multicellular preparations Steady state isometric tension and ATPase activity (de Tombe and Stienen, 1995; Stienen et al., 1995; Gollapudi and Chandra, 2012) were measured in detergent-skinned cardiac multicellular preparations (see supplemental material). In brief, T-shaped aluminum clips were used to attach muscle preparations between a motor arm (322C; Aurora Scientific Inc.) and a force transducer (AE 801; Sensor One Technologies). The SL of muscle preparations was adjusted to 1.9 or 2.3 µm in relaxing solution using the He-Ne laser diffraction technique (Lieber et al., 1984) . Muscle preparations were then subjected to two cycles of maximal Ca 2+ activation (pCa 4.3) and relaxation (pCa 9.0), and the SL was readjusted to the desired value if necessary. The length and cross section of the muscle preparation were measured, and the muscle preparation was then exposed to various solutions with pCa ranging from 4.3 to 9.0 in a constantly stirred chamber. The composition of pCa 4.3 and pCa 9.0 solutions can be found in the supplemental material. All measurements were made at 20°C. Steady state isometric ATPase activity was measured using an enzymatically coupled assay that estimates changes in ATPase activity from changes in NADH (de Tombe and Stienen, 1995; Stienen et al., 1995; Gollapudi and Chandra, 2012) . Details on the measurement of ATPase activity can be found in the supplemental material.
Measurement of contractile dynamic parameters
A family of various amplitude quick stretches/releases (±0.5, ±1.0, ±1.5, and ±2.0% of the initial muscle length [ML] ) was imposed on muscle preparations in the steady state of maximal Ca 2+ activation (pCa 4.3), and the corresponding force responses were recorded, as described previously (Ford et al., 2010) . A nonlinear recruitment-distortion (NLRD) model was fitted to this family of force responses to estimate five NLRD model parameters: the magnitude of instantaneous increase in force caused by a sudden change in ML (E D ); the rate by which force dissipates due to detachment of strongly bound XBs (c); the nonlinear interaction parameter representing the negative impact of strained XBs on other force-bearing XBs (γ); the rate of delayed force rise as XBs are recruited into the force-bearing state at the increased ML (b); and the magnitude of ML-mediated increase in steady state force due to recruitment of additional force-bearing XBs (E R ). The characteristic features of ML-mediated force responses and the physiological significance of the NLRD model can be found in the supplemental material. Fig. S1 shows a length protocol of 2% sudden stretch (Fig. S1 A) and the corresponding force response (Fig. S1 B) from a representative muscle preparation.
Rate constant of tension redevelopment (k tr ) k tr was estimated using a modified version of the large slack/restretch maneuver originally designed by Brenner and Eisenberg (1986) and is described in detail in the supplemental material.
Statistical analysis
Our experimental model involved two factors, MHC (young and adult guinea pig cardiac muscle preparations) and SL (1.9 and 2.3 µm). Therefore, two-way ANO VA was used to determine if there was a significant SL-MHC interaction effect on a given parameter. A significant SL-MHC interaction effect suggested that the effect of SL on a given contractile parameter was dissimilar in young (20% β-MHC) and adult (86% β-MHC) guinea pig cardiac muscle preparations. When the SL-MHC interaction effect was not significant, we assessed the main effect of SL and main effect of MHC on a given parameter. To probe the underlying cause for a significant interaction or main effect of SL on a given parameter, Holm-Sidak post hoc multiple comparison analysis was performed. The criterion for statistical significance was set to P ≤ 0.05. Data are presented as means ± SEM. For all groups, the number of cardiac muscle preparations measured was 10 from two hearts.
Online supplemental material Details regarding determination of MHC composition, stoichiometry, and phosphorylation status of sarcomeric proteins in guinea pig cardiac muscle preparations, preparation of guinea pig cardiac muscle preparations, composition of pCa solutions, measurement of ATPase activity, NLRD model parameters, and measurement of k tr can be found in the supplemental Materials and methods. Also included are Fig. S1 , depicting a representative force response to a sudden 2% stretch in ML; Fig. S2 , showing SDS-PAGE analysis of MHC composition, stoichiometry, and phosphorylation status of sarcomeric proteins; and Table S1 , showing the SL dependency of contractile parameters in young and adult guinea pig cardiac muscle preparations.
Results
Analysis of MHC composition, stoichiometry, and phosphorylation status of sarcomeric proteins in young and adult guinea pig cardiac muscle preparations The relative composition of MHC isoforms was determined by analyzing the SDS-solubilized muscle protein samples from young and adult guinea pig ventricular tissue on a large 6% SDS gel. Fig. S2 A shows a representative gel demonstrating the MHC composition in young and adult guinea pig ventricles. Densitometric analysis showed that β-MHC expression was 20 ± 3% in young guinea pig hearts and 86 ± 4% in adult guinea pig hearts; therefore, as guinea pigs aged from 3 to 11 wk, β-MHC expression increased by 66%. Significant age-dependent shifts from α-to β-MHC isoforms have been observed in several other rodent species (Everett et al., 1983; Lompré et al., 1984; Schuyler and Yarbrough, 1990; Schwartz et al., 1992; Fitzsimons et al., 1999) . With regard to guinea pigs, our findings are in disagreement with a previous study (van der Velden et al., 1998) , which showed only a 13% increase in β-MHC expression as guinea pigs aged from 1-8 wk old (young; 17% α-MHC/83% β-MHC) to 9-26 wk old (adult; 4% α-MHC/96% β-MHC). Such discrepancy is likely related to the observation that 1-8-wk-old guinea pigs were considered a single group in the aforementioned study (van der Velden et al., 1998) , whereas our study compared two specific age groups: 3 wk and 11 wk. Collectively, these observations demonstrate a major shift in MHC isoform during the 3-11-wk period; therefore, for a meaningful interpretation of the impact of MHC isoforms on cardiac function, it is important to consider the specific age of the animal. Fig. S2 B shows a representative 12.5% SDS gel of the stoichiometry of sarcomeric proteins in young and adult guinea pig hearts. The total amount of each sarcomeric protein (MHC, MyBP-C, Desmin, Actin, TnT, TnI, MLC-1, and MLC-2) is similar in young and adult guinea pig hearts. In regard to developmental changes in titin isoform expression, a previous study found no significant difference in titin expression between neonatal and adult guinea pig hearts (Krüger et al., 2006) . Fig. S2 C shows a representative Pro-Q phospho-stained gel demonstrating that the phosphorylation levels of various proteins were not different in young and adult guinea pig hearts. These observations showed that an age-dependent increase in β-MHC (66%) occurred in the absence of any changes in stoichiometry or phosphorylation levels of sarcomeric proteins. For MHC composition, values are reported as means ± SEM from three gels.
SL dependency of Ca 2+ -activated maximal tension and E D in young and adult guinea pig cardiac muscle preparations Steady state tension at maximal Ca 2+ activation (pCa 4.3) was measured at short (1.9 µm) and long (2.3 µm) SLs to assess the impact of SL on maximal tension in guinea pig young and adult cardiac muscle preparations (Table S1 ). Two-way ANO VA did not demonstrate a significant SL-MHC interaction effect on maximal tension (P = 0.91) or a significant main effect of MHC (P = 0.12); however, the main effect of SL was significant (P < 0.001). Post hoc analysis showed that an increase in SL from 1.9 to 2.3 µm significantly increased maximal tension by 41% (P < 0.001; Fig. 1 A) in young and 39% (P < 0.001; Fig. 1 A) in adult muscle preparations. Our observations on maximal tension were corroborated by E D . We have previously shown that E D is correlated to maximal tension, and it is an approximate measure of the number of force-bearing XBs (Campbell et al., 2004; Ford et al., 2010; Chandra et al., 2015) . Two-way ANO VA did not demonstrate a significant SL-MHC interaction effect (P = 0.94) or main effect of MHC (P = 0.24) on E D , but the main effect of SL was significant (P = 0.002). Post hoc analysis revealed that an increase in SL significantly increased E D in young and adult muscle preparations by 13% (P = 0.036; Fig. 1 B) and 14% (P = 0.036; Fig. 1 B) , respectively. Collectively, our findings on maximal tension and E D suggest that the SL-mediated increase in the number of strongly bound XBs is similar in young and adult muscle preparations.
SL dependency of the pCa-tension relationship in young and adult guinea pig cardiac muscle preparations Fig. 2 , A and B, demonstrates that an increase in SL resulted in a greater leftward shift in the pCa-tension relationship of adult than in young muscle preparations. This observation suggested that myofilament Ca 2+ sensitivity was augmented to a greater extent in response to an increase in SL in adult than in young muscle preparations. Fig. 2, A and B, also demonstrates that an increase in SL reduced the steepness of the pCa-tension relation-ship in both young and adult muscle preparations. To quantify the SL-dependent effect on pCa-tension relationship in young and adult guinea pigs, we used Hill model-derived parameters, pCa 50 and n H (Table S1 ). Two-way ANO VA showed a significant SL-MHC interaction effect on pCa 50 (P = 0.02), suggesting that the SL-dependent effect on pCa 50 was dissimilar in young and adult muscle preparations. Post hoc multiple comparison analysis confirmed that the increase in pCa 50 associated with an increase in SL (ΔpCa 50 ) was more than twofold greater in adult than in young muscle preparations; for example, it was 0.11 pCa units (P < 0.001; Fig. 2 C) in adult muscle preparations but only 0.05 pCa units (P = 0.032; Fig. 2 C) in young muscle preparations. We also sought to quantify the effect of MHC on pCa 50 at short and long SL. At short SL, pCa 50 was not different between young and adult muscle preparations (P = 0.57; Fig. 2 C) ; however, at long SL, pCa 50 was 0.05 units greater in adult than in young muscle preparations (P = 0.02; Fig. 2 C) .
As for n H , two-way ANO VA did not show a significant SL-MHC interaction effect (P = 0.84), but the main effects of SL (P < 0.001) and MHC (P = 0.0013) were significant. Post hoc multiple comparisons showed that an increase in SL significantly decreased n H by 29% (P = 0.002; Fig. 2 D) and 26% (P < 0.001; Fig. 2 D) in young and adult muscle preparations, respectively. Furthermore, we found that n H was significantly greater in adult than in young muscle preparations at both short SL (P = 0.042; Fig. 2 D) and long SL (P = 0.049; Fig. 2 D) .
SL dependency of the XB detachment rate (g) in young and adult guinea pig cardiac muscle preparations Previous studies have shown that an increase in SL leads to a decrease in XB detachment rate (g; Ford and Chandra, 2013; Reda and Chandra, 2018) . To determine whether the age-related increase in β-MHC expression altered the SL dependency of g in guinea pig myocardium, we assessed tension cost and c. Tension cost was derived as the slope of the linear relationship between steady state tension and ATPase activity at various pCa (de Tombe and Stienen, 1995; Stienen et al., 1995) . Parameter c governs the rate of force decay following a step-like ML change and is estimated by fitting the NLRD model to the fiber-elicited force responses to various amplitude stretch/ release perturbations ( Fig. S1 ; Ford et al., 2010) . We have previously shown that tension cost and c are approximate measures of g (Campbell et al., 2004; Gollapudi et al., 2015; Reda et al., 2016) . Two-way ANO VA of tension cost did not show a significant SL-MHC interaction effect (P = 0.29), but it demonstrated a significant main effect of SL (P < 0.001) and MHC (P < 0.001). Post hoc analysis showed that an increase in SL significantly decreased tension cost by 49% (P < 0.001; Fig. 3 A) in adult muscle preparations and by 37% (P < 0.001; Fig. 3 A) in young muscle preparations (Table S1 ). Our analysis also showed that tension cost was significantly lower in adult than in young muscle preparations at both short (P < 0.001; Fig. 3 A) and long SLs (P < 0.001; Fig. 3 A) . Our observations on tension cost were corroborated by c. Two-way ANO VA did not reveal a significant SL-MHC interaction effect (P = 0.24) on c, but it indicated a significant main effect of SL (P < 0.001) and MHC (P < 0.001). Post hoc analysis showed that an increase in SL decreased c by 59% (P < 0.001; Fig. 3 B) in adult muscle preparations but only by 31% (P < 0.001; Fig. 3 B) in young muscle preparations (Table S1 ). Moreover, c was significantly lower in adult than in young guinea pig preparations at both short (P < 0.001; Fig. 3 B) and long SLs (P < 0.001; Fig. 3 B) . Consistent findings on the SL dependency of both tension cost and c in adult muscle preparations suggested that the age-related increase in β-MHC expression enhances the SL-dependent attenuation of g in the guinea pig myocardium.
SL dependency of γ in young and adult guinea pig cardiac muscle preparations In our NLRD model, parameter γ represents the negative effect of strained XBs on other force-bearing XBs and is estimated by Figure 1 . SL dependency of maximal tension and E D in young and adult guinea pig cardiac muscle preparations. Maximal tension was measured by exposing muscle preparations to saturating Ca 2+ concentrations (pCa 4.3) in a constantly stirred chamber. E D was estimated as the slope of the linear relationship between F 1 -F ss and the corresponding ML changes (see Fig.  S1 ) and thus provides an approximate measure of the number of strongly bound XBs. (A and B) Bar graphs showing the SL-dependent effect on (A) maximal tension and (B) E D in young and adult muscle preparations. Two-way ANO VA revealed that the main effect of SL was significant for both maximal tension (P < 0.001) and E D (P = 0.002). The main effect of MHC was not significant for both maximal tension (P = 0.91) and E D (P = 0.24). Post hoc multiple comparisons (Holm-Sidak method) were used to determine significant differences between groups. Asterisks and hash marks indicate a significant difference when compared with data within each group (*, P < 0.05 and ***, P < 0.001 for 1.9 vs. 2.3 µm). The number of preparations measured for all groups was 10. Data are expressed as means ± SEM. fitting the NLRD model to a family of force responses to various amplitude length perturbations ( Fig. S1 ; Ford et al., 2010) . When the negative impact of strained XBs on other force-bearing XBs is less pronounced, force declines to a lesser extent (less prominent nadir), and thus γ is lower. Because such XB-based interactions are mediated by cooperative interactions within the thick and thin filaments, γ is thought to be influenced by allosteric/ cooperative mechanisms in the myofilaments. For instance, an increase in cooperativity associated with an increase in SL has been shown to attenuate γ at long SL (Reda and Chandra, 2018) . To determine whether the age-related increase in β-MHC expression altered myofilament allosteric/cooperative mechanisms in an SL-dependent manner, we assessed γ (Table S1 ). Two-way ANO VA did not reveal a significant SL-MHC interaction effect Figure 2 . SL dependency of the pCa-tension relation in young and adult guinea pig cardiac muscle preparations. Normalized steady state tensions at various pCa were plotted against pCa to construct the pCa-tension relationships. The Hill model was fitted to pCa-tension relationships to derive myofilament Ca 2+ sensitivity (pCa 50 ) and myofilament cooperativity (n H ). (A and B) Comparisons of pCa-tension relationships at short and long SL in young (A) and adult (B) muscle preparations. The traces connecting the experimental data points are the Hill model fits. Error bars are obscured by the symbols in some cases. (C and D) Bar graphs showing the SL-dependent effect on pCa 50 (C) and n H (D) in young and adult muscle preparations. Two-way ANO VA revealed a significant SL-MHC interaction effect (P = 0.02) on pCa 50 . For n H , the main effects of both SL (P < 0.001) and MHC (P = 0.0013) were significant. Post hoc multiple comparisons (Holm-Sidak method) were used to determine significant differences between groups. Asterisks and hash marks indicate significant difference when compared with data within each group (*, P < 0.05; **, P < 0.01; and ***, P < 0.001 for 1.9 vs. 2.3 µm; #, P < 0.05 for young vs. adult). The number of preparations measured for all groups was 10. Data are expressed as means ± SEM. Figure 3 . SL dependency of tension cost and c in young and adult guinea pig cardiac muscle preparations. Tension cost was derived as the slope of the linear relationship between steady state tension and ATPase measurements at various pCa (de Tombe and Stienen, 1995; . The value of c was estimated by fitting the NLRD model to the family of muscle-elicited force responses to various amplitude step-like ML perturbations at pCa 4.3 (Ford et al., 2010) . (A and B) Bar graphs showing the SL-dependent effect on tension cost (A) and c (B) in young and adult muscle preparations. Two-way ANO VA revealed that the main effect of SL was significant for both tension cost (P < 0.001) and c (P < 0.001). The main effect of MHC was significant for both tension cost (P < 0.001) and c (P < 0.001). Post hoc multiple comparisons (Holm-Sidak method) were used to determine significant differences between groups. Asterisks and hash marks indicate a significant difference when compared with data within each group (***, P < 0.001 for 1.9 vs. 2.3 µm; ###, P < 0.001 for young vs. adult). The number of preparations measured for all groups was 10. Data are expressed as means ± SEM.
(P = 0.19) on γ, but it confirmed a significant main effect of SL (P < 0.001) and MHC (P < 0.001). Post hoc analysis revealed that the SL-dependent decrease in γ was 54% (P < 0.001; Fig. 4 A) in adult muscle preparations but only 31% (P < 0.001; Fig. 4 A) in young muscle preparations, suggesting that the SL-dependent effect on cooperative mechanisms is greater in adult muscle preparations (higher expression of β-MHC). Furthermore, our analysis showed that γ was significantly lower in adult than in young muscle preparations at both short (P < 0.001; Fig. 4 A) and long (P < 0.001; Fig. 4 A) SL.
SL dependency of stretch activation parameters, b and E R , in young and adult guinea pig cardiac muscle preparations To determine whether the age-related increase in β-MHC expression altered stretch activation in a SL-dependent manner, we assessed estimates of b and E R (Table S1 ). Parameters b and E R are estimated by fitting the NLRD model to a family of force responses to various amplitude ML perturbations ( Fig. S1 ; Ford et al., 2010) . b represents the rate constant of delayed force rise in response to an increase in ML. Two-way ANO VA of b did not show a significant SL-MHC interaction effect (P = 0.64) or a significant main effect of SL (P = 0.26). This is because an increase in SL did not significantly alter b in both young and adult muscle preparations. In young muscle preparations, b was 7.18 ± 0.32 s −1 at short SL and 7.37 ± 0.45 s −1 at long SL; in adult muscle preparations, b was 3.59 ± 0.10 s −1 at short SL and 4.04 ± 0.15 s −1 at long SL. As expected, the main effect of MHC (P < 0.001) on b was significant; post hoc analysis showed that b was significantly slower in adult than in young muscle preparations at both short (P < 0.001) and long (P < 0.001) SL.
E R represents the magnitude of the delayed force rise in response to an increase in ML, an effect that is mediated by XBbased cooperative mechanisms (Campbell et al., 2004; Campbell and Chandra, 2006; . Two-way ANO VA revealed a significant SL-MHC interaction effect (P = 0.003) on E R , indicating that the SL-dependent effect on E R was dissimilar in young and adult muscle preparations. Post hoc analysis confirmed that the SL-dependent increase in E R was 149% (P < 0.001; Fig. 4 B) in adult muscle preparations but only 79% (P < 0.001; Fig. 4 B) in young muscle preparations. Interestingly, the effect of MHC on E R was similar to the effect observed on pCa 50 ; at short SL, E R was not different between young and adult muscle preparations (P = 0.56; Fig. 4 B) ; however, at long SL, E R was significantly greater in adult than in young muscle preparations (P < 0.001; Fig. 4 B) . Our observations here suggest that that the age-related increase in β-MHC expression enhances SL-dependent effects on cooperative mechanisms governing E R in the guinea pig myocardium.
SL dependency of k tr in young and adult guinea pig cardiac muscle preparations To determine whether the age-related increase in β-MHC expression altered the SL dependency of XB turnover rate in guinea pig myocardium, we assessed changes in k tr (Table S1 ). k tr is estimated by fitting a monoexponential function to the rising phase of the force response to a large slack/restretch perturbation. An increase in SL did not affect the rising phase of the force response in young muscle preparations (Fig. 5 A) , while it resulted in a rightward shift in the rising phase of the force response in adult muscle preparations (Fig. 5 B) , suggesting slower k tr . Two-way ANO VA of k tr did not demonstrate a significant SL-MHC interaction effect (P = 0.31), but it showed a significant main effect of SL (P = 0.033) and MHC (P < 0.001). Post hoc analysis showed that an increase in SL decreased k tr by 7% (P = 0.40; Fig. 5 C) in young muscle preparations. An increase in SL decreased k tr by 32% in adult muscle preparations, but it was only marginally significant (P = 0.057; Fig. 5 C) . Moreover, k tr was significantly lower in adult than in young muscle preparations at both short (P < 0.001; 
Discussion
A significant change in myofilament Ca 2+ sensitivity-associated with an increase in SL-is the molecular basis for length-dependent activation in cardiac muscle preparations (Allen and Kentish, 1985; Wang and Fuchs, 1994; Konhilas et al., 2002) . Our study demonstrates that the SL-mediated increase in myofilament Ca 2+ sensitivity is greater in adult (86% β-MHC) than in young (20% β-MHC) guinea pig cardiac muscle prepara- Figure 4 . SL dependency of γ and E R in young and adult guinea pig cardiac preparations. The values of γ and E R were estimated by fitting the NLRD model to the family of muscle-elicited force responses to various amplitude step-like ML perturbations (Ford et al., 2010) . γ represents the negative impact of strained XBs on the recruitment of other force-bearing XBs. E R is estimated from the slope of the linear relationship between F nss -F ss and ML perturbation (see Fig.  S1 ) and thus represents the magnitude of force rise in response to an increase in ML. (A and B) Bar graphs showing the SL-dependent effect on γ (A) and E R (B) in young and adult muscle preparations. Two-way ANO VA revealed that the main effects of SL (P < 0.001) and MHC (P < 0.001) on γ were significant. For E R , two-way ANO VA revealed a significant SL-MHC interaction effect (P = 0.003). Post hoc multiple comparisons (Holm-Sidak method) were used to determine significant differences between groups. Asterisks and hash marks indicate significant difference when compared with data within each group (***, P < 0.001 for 1.9 vs. 2.3 µm; ###, P < 0.001 for young vs. adult). The number of preparations measured for all groups was 10. Data are expressed as means ± SEM.
tions, indicating enhancement of length-dependent activation in adult guinea pig myocardium. Given that (1) α-and β-MHC isoforms differentially impact cardiac contractile dynamics and (2) length-dependent activation of cardiac muscle is modulated by XB-based cooperative mechanisms (Allen and Kentish, 1985; Fitzsimons and Moss, 1998; Moss and Fitzsimons, 2002; Smith et al., 2009) , mechanisms underlying such enhanced length-dependent activation may result from greater expression of β-MHC in adult guinea pig myocardium. Furthermore, adult muscle preparations exhibit greater SL-dependent changes in E R , g, k tr , and γ. Such greater changes in contractile parameters are expected to increase SL-dependent function in hearts containing β-MHC.
It has been previously shown that XB detachment kinetics, g, is more sensitive to changes in SL in β-MHC than in α-MHC expressing cardiac muscle from propylthiouracil-treated mouse hearts (Ford and Chandra, 2013) . Another study investigating the impact of the SL-dependent effect on cardiac muscle shortening found that a decrease in SL attenuated peak power output to a greater extent in β-MHC myocytes (propylthiouracil-treated rat hearts) than in α-MHC myocytes from normal hearts (Korte and McDonald, 2007) . These observations may have an important bearing on the dynamics of heart function in mammals because age-related changes in heart development coincide with significant shifts in MHC isoforms. Our data demonstrate that a 66% increase in total percentage of β-MHC augments SL-dependent changes in contractile parameters in guinea pig cardiac muscle preparations. A novel finding in our study is that an increase in SL from 1.9 to 2.3 µm results in a twofold greater increase in pCa 50 (ΔpCa 50 ) in adult muscle preparations than in young muscle preparations (Fig. 2 C) . Such SL-mediated increase in myofilament Ca 2+ sensitivity (enhanced length-dependent activation) has been attributed to greater contribution from XB-based cooperative mechanisms that feedback to enhance thin filament Ca 2+ sensitivity (Wang and Fuchs, 1994; Fitzsimons and Moss, 1998; Smith et al., 2009) . It is well documented that β-MHC XBs impart greater cooperative effects on myofilaments when compared with α-MHC XBs (Rundell et al., 2005; Ford and Chandra, 2013; Michael et al., 2014; Chandra et al., 2015; Reda et al., 2016) . This is presumably due to the slower cycling kinetics of β-MHC (VanBuren et al., 1995) , which increases XB dwell time in the strongly bound state, thereby allowing for allosteric length-sensing mechanisms to induce greater cooperative effects on contractile function. Collectively, pCa-tension experiments suggest that higher amounts of β-MHC in adult muscle preparations (86% β-MHC) and augmented XB-based cooperativity lead to greater SL-dependent changes in pCa 50 when compared with young muscle preparations (20% β-MHC). These observations are suggestive of a strong correlation between enhanced length-dependent activation and higher percentage of β-MHC in adult guinea pig cardiac muscle preparations.
Differences in SL-mediated effects on contractile parameters between adult and young guinea pig muscle preparations appear to be independent of the number of strongly bound XBs that are recruited in response to an increase in SL. For instance, the SL-dependent increase in steady state maximal tension and E D is similar in both adult and young muscle preparations (Fig. 1) , but higher amounts of β-MHC in adult muscle preparations lead to greater SL-dependent changes in contractile dynamic parameters. This is demonstrated by a greater SL dependency of E R , c, tension cost, k tr , and γ in adult muscle preparations. Higher amounts of β-MHC in adult muscle preparations and enhanced XB-based cooperativity are correlated with an increase in E R because an increase in XB-based cooperativity augments E R and a decrease in XB-based cooperativity Figure 5 . SL dependency of k tr in young and adult guinea pig cardiac muscle preparations. k tr is estimated by fitting a monoexponential function to the rising phase of the force response to a large release/restretch perturbation. (A and B) Comparisons of force responses at short and long SL from young (A) and adult (B) guinea pig muscle preparations in response to a large release/ restretch perturbation. Forces were normalized by the isometric steady state before ML perturbation. (C) Bar graph showing the SL-dependent effect on k tr in young and adult muscle pig preparations. Two-way ANO VA revealed that the main effect of SL (P = 0.033) and MHC (P < 0.001) on k tr were significant. Post hoc multiple comparisons (Holm-Sidak method) were used to determine significant differences between groups. Asterisks and hash marks indicate significant difference when compared with data within each group (###, P < 0.001 for young vs. adult). The number of preparations measured for all groups was 10. Data are expressed as means ± SEM.
attenuates E R (Campbell et al., 2004; Campbell and Chandra, 2006; . Data shown in Fig. 4 B demonstrate that the magnitude of SL-dependent increase in E R is significantly greater in adult muscle preparations (149%) than young muscle preparations (79%), substantiating the notion that XB-based cooperativity is enhanced in adult muscle preparations at long SL. Furthermore, our observations on E R follow the same trend as pCa 50 ; E R is similar in young and adult muscle preparations at short SL but substantially greater in adult muscle preparations at long SL.
As expected, two independent measures of XB detachment rate, tension cost and c (Fig. 3) , demonstrate that higher amounts of β-MHC attenuate g in adult guinea pig muscle preparations. However, the interesting observation on g is that an increase in SL (from 1.9 to 2.3 µm) results in a greater attenuation of g in adult than in young muscle preparations. For example, the magnitude of SL-dependent attenuation of c is 31% in young muscle preparations, while it is 56% in adult muscle preparations (Fig. 3 B) . Slower g at long SL (longer XB dwell time) presumably augments XB-based cooperative feedback effects on thin filaments, increases XB-mediated activation of neighboring regulatory units, and enhances pCa 50 in adult muscle preparations (Fig. 2 C) . Enhanced XB-based cooperativity in adult muscle preparations may be supported by our observations on k tr because enhanced XB-based cooperativity attenuates k tr (Campbell, 1997; Razumova et al., 2000) . k tr is significantly lower in adult than in young at both short and long SL (Fig. 5 C; P < 0.001). Although we did not measure g at intermediate SL, studies from other laboratories show a similar trend. For example, a previous mouse study showed that an increase in SL from 1.9 to 2.1 µm significantly decreased g (Mamidi et al., 2016) . One limitation of our study is that our contractile measurements are performed at 20°C. A previous study has suggested that myofilament Ca 2+ sensitivity and XB cycling kinetics are temperature dependent (de Tombe and Stienen, 2007) . How such changes in XB activity affect length-dependent activation differentially at 37°C and how such changes are differently altered by MHC isoform remain to be determined.
Additional insights on how greater XB-based cooperative effects are modified by changes in SL may be gleaned from comparisons of γ in adult and young guinea pig muscle preparations. γ represents one kind of cooperativity by which strained XBs negatively impact other force-bearing XBs through allosteric/ cooperative mechanisms within myofilaments (Ford et al., 2010) . Previously, we have shown that an increase in XB-based cooperativity associated with an increase in SL attenuates γ (Reda and Chandra, 2018) . We suggested that increased XB-based cooperativity counteracts the negative impact of strained XBs on force-bearing XBs, leading to a decrease in γ. Our data demonstrate that γ is greater at short than at long SL in both young and adult muscle preparations (Fig. 4 A) ; however, a key observation is that the SL-dependent attenuation of γ is greater in adult (54%) than in young (30%) muscle preparations. This greater attenuation of γ is suggestive of increased XB-based cooperativity in adult muscle preparations, which most likely results from increased levels of β-MHC as suggested above.
Significance of our findings to whole heart function Our observations demonstrate that developmental up-regulation of β-MHC in guinea pig myocardium enhances the SL-dependent increase in myofilament Ca 2+ sensitivity, a hallmark of cardiac length-dependent activation. Because β-MHC is known to be up-regulated in several species during development, our findings have important implications regarding the significance of MHC composition on contractile function. Enhancement of the SL-mediated increase in myofilament Ca 2+ sensitivity suggests that an increase in end-diastolic volume may enhance systolic force generation to a greater extent in adult guinea pig hearts, leading to a greater stroke volume. This is important because as the size of the animal increases during development, the heart must be able to increase cardiac output in response to an increase in preload. Indeed, a study investigating the relationship between ventricular volumes and body weight in mammals has shown that end-diastolic volume and stroke volume increase with body weight (Holt et al., 1968) . As the size of the animal increases with age, heart rate decreases (Holt et al., 1968; Jones et al., 2004; Rhodes et al., 2012; Milani-Nejad and Janssen, 2014) , and such a decrease in heart rate has been correlated with an increase in β-MHC (Hamilton and Ianuzzo, 1991) . Given that cardiac output is a product of stroke volume and heart rate, lower heart rates in larger animals demand that stroke volume must increase such that cardiac output is not only maintained but increases in relation to the animal's size/age. Therefore, an increase in the amount of β-MHC in larger animals is expected to enhance length-dependent activation and pressure development for a given increase in end-diastolic volume (SL).
The extrapolation of our results from guinea pig studies to other large animals may be speculative because the magnitude of isoform shift varies in different species (Lompre et al., 1981; Everett et al., 1983; Lompré et al., 1984; Cappelli et al., 1989; van der Velden et al., 1998; Reiser et al., 2001; Carnes et al., 2004) ; however, it must be pointed out that even small shifts in MHC isoforms lead to significant changes in cardiac contractile function (Herron and McDonald, 2002; Korte et al., 2005; Narolska et al., 2005; Rundell et al., 2005) . In failing human hearts, there is a small but significant increase in β-MHC (Miyata et al., 2000; Reiser et al., 2001) , which may impact length-dependent activation. In this regard, an increase in β-MHC may be a compensatory mechanism to enhance length-dependent activation. Augmentation of dynamic contractile parameters such as E R -paired with lengthened duty ratio of XBs (due to slower g)-may improve stroke volume by prolonging the duration of systole .
